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Abstract
This study used event-related brain potentials to investigate whether math anxiety is related to abnormal error
monitoring processing. Seventeen high math-anxious (HMA) and seventeen low math-anxious (LMA) individuals
were presented with a numerical and a classical Stroop task. Groups did not differ in terms of trait or state anxiety.
We found enhanced error-related negativity (ERN) in the HMA group when subjects committed an error on the
numerical Stroop task, but not on the classical Stroop task. Groups did not differ in terms of the correct-related
negativity component (CRN), the error positivity component (Pe), classical behavioral measures or post-error
measures. The amplitude of the ERN was negatively related to participants’ math anxiety scores, showing a more
negative amplitude as the score increased. Moreover, using standardized low resolution electromagnetic tomography
(sLORETA) we found greater activation of the insula in errors on a numerical task as compared to errors in a non-
numerical task only for the HMA group. The results were interpreted according to the motivational significance theory
of the ERN.
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Introduction
Math anxiety has been defined as a feeling of tension,
apprehension or even dread, ranging from mild discomfort to
extreme avoidance [1], which interferes with the ordinary
manipulation of numbers and the solving of math problems [2].
The 2003 Program for International Student Assessment
(PISA) report showed that more than 50% of 15-year-old
students had feelings of insecurity and emotional stress when
they were asked to solve mathematical problems. Similarly,
behavioral studies have shown that math anxiety has a
negative effect on a wide range of numerical and mathematical
tasks, ranging from simple tasks like counting objects [3] to
more complex arithmetical problems involving carrying [4].
Feelings of this kind make high math anxious individuals avoid
situations that are math-intensive, and thus, to avoid
educational tracks and career paths that depend on this
discipline. Given the negative impact of math anxiety on
mathematical learning and professional development, its study
has emerged as a topic deserving intensive investigation.
However, despite the increasing number of studies on math
anxiety, error monitoring processing in this type of anxiety has
not been assessed. The ability to learn from mistakes and to
use that knowledge to guide future behavior is a critical
cognitive skill, given that in many situations people rely upon
internal self-monitoring to determine when their behavior is
adequate or when adjustments need to be made. Studying how
math anxious individuals perceive their self-generated errors,
how they respond or adjust to them and how they perceive a
numerical error as compared to a non-numerical one
constitutes a very rich source of information that can improve
our understanding of their difficulties with the subject and may
identify a possible factor influencing the development and
persistence of math anxiety.
A marker of performance monitoring that can be observed in
brain activity is a very early negative component called error-
related negativity (ERN) [5] or error negativity (Ne) [6]. The
ERN is a response-locked event-related brain potential (ERP),
observed as a sharp negative deflection at fronto-central
recording sites along the midline (FCz or Fz electrode position)
approximately 50-150 ms after an error is committed [5,7]. A
wealth of data suggests that the ERN is generated in the
Anterior cingulate cortex (ACC), a region of the medial
prefrontal cortex that is richly interconnected with both limbic
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and frontal regions of the brain [6,8–11]. The precise cognitive
mechanisms that generate the ERN are under debate, but the
principal theories explaining its functional significance suggest
that it reflects the detection of a mismatch between the
representations of the actual and intended responses
(Mismatch theory) [6], conflict monitoring in the ACC arising
from multiple simultaneously active response tendencies
(Conflict monitoring theory) [12] or the disinhibition of the ACC
by dopamine neurons, which signal events as worse than
anticipated (Reinforcement and learning-based theories) [13].
The principal shortcoming of these theories is that they do not
account for motivational and individual differences. This
limitation is overcome by the motivational significance theory,
which suggests that the ERN may reflect error detection that is
utilized for motivational ends; in this case, the amplitude of the
ERN might be related to the significance of an error. For
example, the ERN is enhanced when accuracy is emphasized
over speed [5], when errors are associated with a high
monetary risk or when errors are committed during social
evaluation [14]. These and other studies have shown that more
significant errors result in a larger ERN. Furthermore, this
theory is often discussed in terms of affective processes.
According to this interpretation, the ERN may be influenced by
an individual’s emotional reaction to an error [15]. The idea is
that affective evaluation occurs during error detection and that
this evaluation varies along a continuum related to the distress
caused by the commission of the error [16]. In fact, individuals
with certain personality traits, characterized by increased
sensitivity to errors, produce increased ERNs [17]. For
example, enhanced ERN was found in patients with obsessive-
compulsive disorder (OCD) [18,19], in undergraduate students
with high obsessive compulsive characteristics [20], in patients
with generalized anxiety disorder (GAD) [21], in
undergraduates with high scores on measures of general
anxiety and worry [22] and in participants scoring high on
negative affect [23,24].
The counterpart of the ERN in correct trials is called correct-
response negativity (CRN) [25]. The CRN is a small ERN-like
component with the same temporal characteristics and scalp
topography as the ERN. While its precise functional
significance remains unclear, it may reflect a response
comparison process [15], uncertainty about a correct response
[25] or coactivation of correct and error responses [24]. The
association between anxiety and this component is not yet
clear. While several studies have found an enhancement in the
ERN with higher levels of anxiety but no similar effect on the
CRN [18,19], others have found an enhancement in both the
ERN and CRN components [20,22,23,26–28]. While the first
group of authors attribute their results to abnormal error
monitoring (enhanced vigilance specifically for errors), the
second group propose the enhancement of the two
components as a sign of abnormal response monitoring in
general. Some studies aiming to localize the source of this
component have found that the CRN and the ERN represent
the activity of the same underlying neuronal network [29,30]
and thus, ostensibly reflect the same process. Nevertheless,
other studies have found that the neural generators of the CRN
were different and involved more posterior cingulate regions
[31].
Error-related positivity (Pe) [32] appears after the ERN. This
is a positive-going deflection in the waveform that is present
between 200 and 400 ms after an error is committed, which
exhibits a more posterior and central scalp distribution
(maximum at Cz) than the ERN. It is also present after correct
trials, but with a considerably attenuated amplitude [21,26,31].
The functional significance of the Pe is not as well understood
as the ERN, but it has been principally associated with error
awareness [33]. It has been shown that when errors are not
recognized, the ERN amplitude and ACC activity remain
unchanged, but the Pe amplitude is significantly lower than in
recognized errors [34]. There are very few studies relating this
component with anxiety and, generally, no significant
differences have been found [19,21,35]. Nevertheless, other
studies have suggested smaller Pe in high-anxious individuals
[18,20]. The putative generator of Pe has also been estimated
within the ACC region, the cingulate gyrus [36], and more
posterior cingulate regions [37]. The exact distinction between
ERN and Pe remains to be clarified in terms of both functional
significance and anatomical sources.
In the present study, we investigated differences in error
monitoring as a function of math anxiety. Our objective was to
help determine a possible factor in the development and
maintenance of math anxiety and to further the understanding
of the impairments experienced by the individuals who suffer
from it. As far as we know, no study to date has investigated
error-related brain potentials in high math-anxious individuals.
To do so, we formed two groups with extreme levels of math
anxiety, but who did not differ in terms of trait or state anxiety;
consequently, group differences could not be attributed to
general anxiety. Traditionally, error-related ERP components
are elicited by having participants engage in a speeded
response task. A good candidate is the Stroop task, given that
participants have to deal quickly with contradictory information
that makes them commit a sufficient number of errors. In our
experiment participants performed a numerical Stroop task [38]
(salient for the high math-anxious group) and a modified
classical Stroop task (control task) [18]. We recorded the
ongoing EEG and subsequently examined brain activity time-
locked to both error responses (for the ERN) and correct
responses (for the CRN).
Based on the association between anxiety and internal error
monitoring, enhanced ERN was expected in high math-anxious
individuals only on the numerical Stroop task, which is the
more salient task for this group. Moreover, given previous
evidence of a significant negative correlation between the
magnitude of the ERN enhancement and the severity of GAD
patients [21], we expected to find the same significant negative
correlation between the ERN amplitude and the self-reported
level of math anxiety. We also analyzed whether math anxiety
was associated only with erroneous responses, which would
indicate abnormal error monitoring (enhanced vigilance
specifically for errors), or with both error and correct trials
(abnormal response monitoring in general). Furthermore, we
analyzed later error-related components (Pe) as a function of
math anxiety. As the bulk of evidence suggests that anxiety
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does not affect the Pe component, we expected to find no
difference in this component between the high and low math
anxious individuals for any task. Moreover, given the evidence
from numerous anxiety-related studies [18,20,22,26], we
expected to find no differences between the groups in terms of
response time or error rates for any task. We also used
standardized low resolution electromagnetic tomography
(sLORETA) [39] to determine the brain electrical sources of the
ERN, the CRN and the Pe components, in order to establish
whether these error-related components are produced by the
same or by slightly different neuroanatomical structures.
Finally, differences in voxel activation between tasks in each
group were analyzed. We expected that the HMA group would
show a greater activation of emotional brain areas when
committing an error in a numerical task as compared to an
error in a non-numerical task. Obtaining this difference only for
the HMA group, but not for the LMA one, might suggest that
the fact of failing in a task involving numbers is perceived as an
emotional negative event for individuals with high levels of
math anxiety, a finding that would contribute to a better
understanding of their avoidance of any situation involving the
manipulation of numbers.
Methods
Participants
Thirty-four healthy volunteers were tested in this study, half
high math anxious and the other half low math-anxious. They
were selected from a sample of 452 university students at the
University of Barcelona who were assessed for math anxiety,
trait anxiety and state anxiety [40,41] (see materials). These
tests were administered only in the group formation phase and
not during the experimental session.
We initially tested 38 participants but four of them were not
included in the analysis: two because of excessive artifacts and
the other two because there was no low math-anxious
counterpart.
The low math-anxious group (henceforth, LMA) comprised
seventeen participants who scored below the first quartile on
the Shortened Mathematics Anxiety Rating Scale (sMARS) [40]
while the high math-anxious group (henceforth, HMA)
comprised seventeen participants who scored above the third
quartile on the sMARS.
Groups differed in math anxiety (t(32) = 19.37, p < .001), but
not in trait anxiety (t(32) = .54, p = .59), state anxiety
(t(32) = 1.42, p = .16), age (t(32) = .27, p = .78), years of formal
education (t(32) = .74, p = .46), handedness (χ2 = 1.03, p = .
31), ethnicity (χ2 = 0.0, p = 1) or gender distribution (χ2 = .18,
p = .67). More detailed information about these variables is
shown in Table 1.
All participants had normal or corrected-to-normal visual
acuity and did not report any history of neurological or
psychiatric disorders. All were naïve as to the purposes of the
study.
Ethics Statement
Participants were paid for their participation and gave written
informed consent before the experiment. The experimental
protocol was approved by the Ethical Committee of the
University of Barcelona and was in accordance with the Code
of Ethics of the World Medical Association (Declaration of
Helsinki).
Materials
Groups were formed according to the participants´
scores on the following tests
Shortened Mathematics Anxiety Rating Scale
(sMARS).  This instrument measures anxiety by presenting 25
situations which may cause math anxiety grouped into three
factors: math test anxiety, numerical task anxiety and math
course anxiety. Math test anxiety (factor I) includes items
reflecting apprehension about taking a test in mathematics or
about receiving the results. Factor II, labeled numerical task
anxiety, comprises items reflecting anxiety about executing
numerical operations; Factor III, called math course anxiety,
includes items related with enrolling on and attending a math
course and some typical situations. In the present study, we
used the Spanish version of the sMARS [40], whose scores
have shown strong internal consistency (Cronbach’s alpha = .
94) and high 7-week test-retest reliability (intra-class correlation
coefficient = .72).
State-Trait Anxiety Inventory (STAI).  The STAI is a 40-
item scale used to measure state (STAI-S) and trait (STAI-T)
anxiety. Good to excellent internal consistency (Cronbach´s
alpha = .86 - .95) and adequate 30-day test-retest reliability
(State: r = .71-.76; Trait: r = .75-.86) have been reported for the
Spanish version of this test [41].
Two tasks were presented to each participant during the
recording session: a numerical Stroop task (salient for the HMA
group) and a classical Stroop task (control task).
The classical Stroop task.  The classical Stroop task was
the one proposed by Gehring et al., (2000), in which the words
ROJO (red), VERDE (green) and AZUL (blue) were presented
in either red or green ink on a computer monitor using a black
background. Participants had to respond to the color of the ink
Table 1. Means and standard deviations (in brackets) for
age, educational level, math anxiety, trait and state anxiety
and frequencies for gender and manual dominance for the
LMA and the HMA groups.
 Age Gender
Manual
Dominance
Educational
level sMARS STAI-T
STAI-
S
LMA 20.24(2.07) 13 16
15.59
(1.87)
45.29
(5.19)
19.12
(10.43)
14.18
(8.20)
HMA 20.06(1.60) 14 17
15.18
(1.28)
84.82
(6.61)
21.06
(10.43)
18.35
(8.90)
Note: LMA: low math-anxious; HMA: high math-anxious; Gender: number of
women; Manual Dominance: number of right-handed; Educational level: number of
years of formal education. sMARS: shortened Math Anxiety Rating Scale; STAI-T:
Trait anxiety subscale from the STAI; STAI-S: State anxiety subscale from the
STAI.
doi: 10.1371/journal.pone.0081143.t001
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in which the word was written, ignoring the color designated by
the word. Stroop conditions could be congruent (the ink color
matched the semantic meaning of the word, e.g. ROJO printed
in red ink), incongruent (the color of the ink conflicted with the
semantic meaning of the word, e.g. ROJO printed in green ink)
or neutral (the word did not map directly to either response,
e.g. AZUL printed in red ink) [18]. The words subtended view
angles of 4.01°, 4.98° and 4.01° (horizontally) for ROJO,
VERDE and AZUL, respectively, and 0.97° (vertically).
Participants were instructed to press the right or left mouse
button in response to the color of the ink in which the word was
written. Half of the participants were told to press the left button
of the mouse when the color of the ink was red and the right
button when the color of the ink was green, and the other half
were told to do the opposite. Each trial began with a fixation
sign (an asterisk) shown for 500 ms. After a 300 ms pause (a
black screen), the word was shown for 200 ms and then
followed by a 800 ms-black screen (maximum response
windows of 1000 ms). A variable inter-trial interval (600-1100
ms) was used. Following the 24 trials of the training session,
the participants received eight blocks of 42 trials (336 total
trials).
The numerical Stroop task.  In the numerical Stroop task,
the stimuli consisted of a pair of Arabic numbers shown
simultaneously in the middle of the computer screen. There
were four possible types of number pairs: 1-2, 1-8, 2-9, 8-9.
Numbers were presented in three sizes: large (font size 80),
neutral (font size 60) and small (font size 40). Stimulus pairs
subtended view angles of 0.68°, 1.03° and 1.37° (horizontally)
and 0.97°, 1.43° and 1.77° (vertically) for large, neutral and
small size stimuli, respectively. The participants’ task consisted
of responding to the number of higher numerical magnitude
and ignoring the physical size. Number pairs were presented in
three conditions: in the congruent condition, the number of
larger numerical magnitude was also larger in physical size
(e.g. 8 9), in the incongruent condition, the number of larger
numerical magnitude was smaller in physical size (e.g. 8 9) and
in the neutral condition the numbers only differed in numerical
magnitude, but not in physical size (e.g. 8 9) [38]. Participants
were instructed to indicate the number of larger numerical
magnitude by pressing the left or right button of the mouse,
depending on the side of the screen in which the number of
larger magnitude had appeared. For instance, if the number
that appeared on the left was larger in magnitude than the one
on the right, participants were expected to press the left button
of the mouse. The side on which the larger number appeared
was counterbalanced, so there were two instances for all
number pairs (e.g., 8 9 and 9 8). Each trial began with a
fixation sign (an asterisk) shown for 500 ms. After a 300 ms
pause (a black screen), a pair of numbers were shown for 300
ms and then followed by a 700 ms-black screen (maximum
response windows of 1000 ms). Each trial was followed by a
variable inter-trial interval ranging from 600 to 1100 ms. There
were 10 blocks of 48 stimuli (480 total trials), preceded by 24
practice stimuli.
Figure 1 shows the sequential presentation of an incongruent
stimulus and its timing for the classical (A) and the numerical
(B) Stroop tasks. The order of the tasks was counterbalanced,
so half of each group participated in the classical Stroop task
first and then continued with the numerical task, while the other
half did the same in reverse order. Within each task, the trials
were randomly presented to each participant.
Both tasks included congruent, incongruent and neutral
stimuli in equal proportions and all the stimuli were presented
an equal number of times. Participants were asked to answer
as fast and as accurately as possible. Moreover, in both tasks,
a feedback message was displayed at the end of each block to
facilitate error commission. The feedback was based on the
participant’s performance on the block. If performance was
75% correct or lower, the message Please try to be more
accurate was displayed; performance above 90% correct was
followed by Please try to respond faster; otherwise, the
message You are doing a great job was displayed. The
feedback message was followed by a half minute rest.
The E-prime 2.0 program (Psychology Software Tools Inc.,
Sharpsburg, PA, USA) was used to control the presentation
and timing of the stimuli and the measurement of response
accuracy and response times.
Procedure.  Participants were tested individually. Upon
entering the experimental room, they completed standard
procedures concerning informed consent along with a
demographics questionnaire asking their age, ethnicity, gender
and number of years of formal education. Then, EEG/EOG
sensor electrodes were attached and the participant was given
detailed task instructions. Next, participants were seated 100
cm away from the computer screen in an electrically-shielded,
sound-attenuating recording chamber. For each task, the
experimental session began with a training period of 24 trials.
When participants achieved 65% of hits in the training period,
the recording session started. The training trials were only used
to familiarize the participants with the task, so they were
excluded from the statistical analysis. The experiment,
including electrode placement and execution of the practice
and test phases, lasted about 120 min.
Electrophysiological recording
The EEG was recorded with ANT hardware and software
(B.V., Enschede, The Netherlands) from 64 electrodes
positioned according to the extended 10/20 system, as well as
two electrodes on the right and left mastoids, and mounted in a
commercial WaveGuard EEG Cap (Eemagine Medical Imaging
Solutions GmbH. ANT Advanced Neuro Technology). EEG
channels were continuously digitized at a rate of 512 Hz by an
ANT amplifier (B.V., Enschede, The Netherlands). A band-pass
filter was set from 1.6 to 30 Hz, and electrode impedance was
kept below 5 kΩ. The horizontal and vertical electrooculogram
was recorded with electrodes placed at the outer canthus and
below the right eye respectively. The common reference
electrode was placed on the tip of the nose and ground was
located at AFz. For figures, grand average waveforms were
low-pass filtered at 15 Hz.
Source localization
Source localization was carried out using standardized low-
resolution brain electromagnetic tomography (sLORETA) [39]
to identify the brain areas generating the ERN, CRN and Pe
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components. The brain activity of the two groups in each task
and between the tasks in each group was also compared for
the three components. sLORETA estimates the sources of
activation on the basis of the standardized current density at
each of 6239 voxels in the gray matter and the hippocampus of
the MNI-reference brain with a spatial resolution of 5 mm. The
calculation is based upon a linear weighted sum of the scalp
electrical potentials, with the assumption that neighboring
voxels have maximal similar electrical activity. sLORETA
solutions are computed within a three-shell spherical model co-
registered with the MNI152 digitized structural human brain
atlas template [42]. Therefore, these solutions are given in
three coordinates: X is the distance in millimeters to the right
(+) or left (-) of midline, y is the distance anterior (+) or
posterior (-) to the anterior commissure, and z is the distance
above (+) or below (-) a horizontal plane through the anterior
and posterior commissures.
Under ideal conditions, solutions provided by sLORETA,
which are based on distributed brain activity, have no
localization bias and achieve reliable localization of possible
underlying sources [43,44].
Data Analysis
Behavioral data
Medians of response time were calculated for each
participant in each task. The response time (RT) for error and
correct responses and the percentage of error responses were
analyzed through analyses of variances (ANOVAs).
Firstly, an ANOVA was performed to analyze reaction time
taking Response type (error and correct) and Task (numerical
and classical) as within-subject factors and Group (LMA and
HMA) as the between-subjects factor.
Regarding the percentage of errors, an ANOVA was
performed taking Task as within-subject factor and Group as
the between subjects factor.
In addition to reaction times and accuracy, we examined
participants’ post-error measures. For post-error slowing we
analyzed the median of reaction times following errors and
following correct responses and carried out an ANOVA taking
Previous response type (error and correct) and Task
(numerical and classical) as within-subject factors and Group
(LMA and HMA) as the between-subjects factor. Regarding
post-error accuracy, we calculated the percentage of errors
that followed error responses and the percentage of errors that
followed correct responses. We carried out an ANOVA, taking
Figure 1.  One trial structure of an incongruent stimulus of the classical (A) and numerical (B) Stroop tasks and its
timing.  
doi: 10.1371/journal.pone.0081143.g001
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Previous response type and Task as within-subject factors and
Group as the between subjects factor.
The F value, the uncorrected degrees of freedom, the
probability level following correction, the ε value (when
appropriate) and the η2 effect size index are given in the results
section.
Error-related potentials
ERPs were averaged for each participant time-locked to the
response onset, including error responses (for the ERN) and
correct responses (for the CRN) for all experimental conditions.
The averaged EEG epochs were rereferenced to the mastoids’
mean activity. The average was constructed from -400 to 600
ms epochs relative to the response onset. A 100-ms window
prior to the response (-200 to -100 ms) served as the baseline.
Trials with voltages exceeding ± 100 µV in any electrode were
excluded from the ERP average. Ocular artifacts were
identified and corrected with the eye-movement correction
algorithm used in the EEprobe program (ANT, The
Netherlands). Previous evidence suggests that the ERN
component stabilizes using a minimum of six to eight error
trials [45]. In our study, all participants had at least eight error
trials in each task. Despite the ERN is typically quantified in the
0-100 ms window (e.g. [21]), in our study, both the ERN and
the CRN components were quantified as a mean amplitude
measure in the 50-90 ms window following a correct response
(CRN) or an error response (ERN), given that this was the
window where differences between groups were shown
maximal.
A repeated measures ANOVA was performed on the ERP
mean amplitude at Fz, taking Response type and Task as the
within-subject factors and Group as the between-subjects
factor. Another repeated measures ANOVA was performed on
the ERP difference in amplitude (ERN-CRN) at Fz taking Task
as the within-subject factor and Group as the between-subjects
factor.
Regarding the Pe component, we carried out a repeated
measures ANOVA on the ERP mean amplitude in the 150-250
ms window at Cz, taking Response type and Task as within-
subject factors and Group as the between-subjects factor. We
performed tests of simple effects whenever an interaction was
significant and used the Bonferroni correction to control for the
increase in type I error.
Source analysis
The voxel-based sLORETA-images were calculated for each
group in each task and were also compared between the two
groups (LMA vs. HMA) and between the two tasks (classical
and numerical) using the sLORETA-built-in voxelwise
randomization tests (5000 permutations), based on statistical
non-parametric mapping (SnPM; for details see 43). The
differences in localization between groups and tasks were
computed by a voxel-by-voxel t-test for independent measures
of the average sLORETA-images over the 50-90 ms window
for the ERN and CRN and over the 150-250 ms window for the
Pe component. The statistical sLORETA analysis gives the
exact significance thresholds, regardless of non-normality and
corrected for multiple comparisons. The significant differences
between conditions at respective MNI coordinates and
Brodmann areas (BA) are reported in the results section.
Results
Behavioral Data
Regarding reaction time, responses were faster on error
trials (mean = 282.32, SEM = 5.41) than on correct trials (mean
= 329.77, SEM = 5.29) (F(1,32) = 95.94, p < .001, η2 = .75) and
were slower on the numerical Stroop task (mean = 330.47,
SEM = 5.58) compared with the classical Stroop one (mean =
281.63, SEM = 5.50) (F(1,32) = 75.20, p < .001, η2 = .70).
Moreover, the Response type x Task interaction was also
significant (F(1,32) = 4.73, p = .03, η2 = .12), showing greater
differences between tasks when the participants committed an
error (classical: mean = 254.08, SEM = 7.65; numerical: mean
= 310.55, SEM = 5.13) than when they gave a correct
response (classical: mean = 309.17, SEM = 5.35; numerical:
mean = 350.38, SEM = 6.71) (p < .001). No group main effect
or interaction reached statistical significance (all p values ≥ .
23).
Concerning accuracy, more errors were committed on the
numerical Stroop task (mean = 11.83, SEM = .94) than on the
classical one (mean = 9.61, SEM = .85) (F(1,32) = 6.39, p = .
01, η2 = .16). No group main effect or interaction reached
statistical significance (all p values ≥ .44). Accuracy and
response time means and standard deviations are shown in
Table 2.
Table 2. Means (of medians) and standard errors (in
brackets) for behavioral and ERP measures.
 Classical Stroop Task Numerical Stroop Task
 LMA HMA LMA HMA
Response time
(ms)     
Error trials 251.88 (8.49) 256.29(12.74) 305.76 (6.62) 315.35 (7.85)
Correct trials 309.76 (7.55) 308.59 (7.60) 339.88 (8.55) 360.88(10.35)
Accuracy     
No. of error trials 32.94 (4.18) 30.06 (4.00) 59.65 (7.03) 54.00 (5.78)
No. of correct
trials 288.24 (8.17) 301.00 (5.18) 420.35 (7.03) 426.00 (5.78)
% of error trials 10.24 (1.23) 8.99 (1.17) 12.42 (1.46) 11.25 (1.20)
ERPs (µV)     
ERN -3.99 (.57) -3.76 (.90) -4.19 (.71) -6.38 (.67)
CRN 1.68 (.81) 2.27 (.67) -.79 (.61) .13 (.44)
ERN-CRN -5.67 (.92) -6.03 (.77) -3.39 (.52) -5.67 (.92)
Pe on error trials 2.94 (.87) 1.69 (.84) 2.05 (.69) .74 (.59)
Pe on correct
trials 1.13 (.40) .53 (.59) 1.41 (.39) 1.21 (.46)
Note: Voltage for ERN and CRN in Fz for the 50-90 ms time window; Voltage for
Pe in Cz for the 150-250 ms time window.
doi: 10.1371/journal.pone.0081143.t002
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Post-error measures.  We found a significant main effect of
Previous response type (F(1,32) = 38.36, p < .001, η2 = .54),
showing that participants were slower after committing an error
(mean = 346.70, SEM = 7.27) than after correct responses
(mean = 324.50, SEM = 5.41). We found a significant Task x
Previous response type interaction (F(1,32) = 10.16, p = .003,
η2 = .24). This interaction was due to a difference between
previous response types in each task, being greater for the
classical task (RT after correct responses: mean = 303.38,
SEM = 5.59; RT after error responses: mean = 335.00, SEM =
9.55) than for the numerical task (RT after correct responses:
mean = 345.61, SEM = 6.74; RT after error responses: mean =
358.41, SEM = 7.49). No group effect or interaction reached
statistical significance (all p values ≥ .13).
Finally, with respect to post-error accuracy, the overall
ANOVA showed a significant main effect of Previous response
type (F(1,32) = 1720.55, p < .001, η2 = .98), showing that there
was a lower percentage of errors after errors (mean = 11.27,
SEM = .93) than after correct responses (mean = 88.72, SEM
= .93). All the other main effects and interactions were non-
significant (all p values ≥ .11).
Event-related potentials
Error-related negativity (ERN) and Correct-related
negativity (CRN).  Amplitude was more negative for error trials
(mean = -4.58, SEM = .42) than for correct trials (mean = .82,
SEM = .43) (F(1,32) = 157.41, p < .001, η2 = .83). Figure 2
shows this early negativity for error commission as compared
to correct responses in both the classical and the numerical
Stroop tasks for the LMA and HMA groups at Fz. The mean
amplitudes for the ERN and the CRN in the 50-90 ms windows
are shown in Table 2.
Moreover, the amplitude was more negative in the numerical
(mean = -2.80, SEM = .37) than in the classical (mean = -.94,
SEM = .43) Stroop task (F(1,32) = 30.48, p < .001, η2 = .48).
The Response type x Group interaction was also significant
(F(1,32) = 2.07, p = .05, η2 = .11), showing that, despite the fact
that the two response types differed significantly in each group
(p < .001), the HMA group showed a greater voltage difference
between an error (mean = -5.07, SEM = .60) and a correct
(mean = 1.20, SEM = .61) response than the LMA (error: mean
= -.40, SEM = .60; correct: mean = .44, SEM = .61) one.
Finally, the global ANOVA showed a significant Group x Task x
Response type interaction (F(1,32) = 4.89, p = .03, η2 = .13).
No other main effect or interaction reached statistical
significance (all p values ≥ .13)
In order to analyze this Group x Task x Response type
interaction further and to probe our hypothesis, we carried out
a separate ANOVA for each group, comparing participants’
ERN in each task. While no significant effect of Task was
shown for the LMA group (F(1,16) = .10, p = .75, η2 = .006),
this effect emerged for the HMA one (F(1,16) = 7.44, p = .01, η2
= .31), the ERN being more negative for the numerical (mean =
-6.38, SEM = .67) as compared to the classical (mean = -3.76,
SEM = .90) Stroop task. Grand average waveforms elicited by
errors for each group in each task at Fz are shown in Figure
3A. This figure shows a greater amplitude of the ERN for the
HMA group when solving the numerical task as compared to
the control task, while no difference between tasks can be
appreciated for the LMA group. This difference is more evident
in Figure 3B, where topographic maps for numerical and
classical Stroop tasks are shown for both groups in the 50-90
ms window. Topographic maps were plotted using the
EEProbe 3.1 program (ANT Software BV, Enschede, The
Netherlands).
ERP difference wave (ERN-CRN).  The analysis of the
difference wave showed a significant Task x Group interaction
(F(1,32) = 4.90, p = .03, η2 = .13), showing that groups differ
only on the numerical task (F(1,32) = 12.02, p = .002, η2 = .27)
but not on the classical (F(1,32) = .08, p = .76, η2 = .003) task.
The main effect of group also reached significance (F(1,32) = 
4.08, p = .05, η2 = .11), while the main effect of Task did not
(F(1,32) =  2.06, p = .16, η2 = .06).
Figure 2.  Raw grand average waves for correct and error trials for LMA and HMA groups in the classical and the
numerical Stroop tasks at Fz.  
doi: 10.1371/journal.pone.0081143.g002
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Error-related positivity (Pe).  Figure 4A shows grand
average waveforms for the Pe component elicited by error and
correct responses for each group in each task at Cz. The
overall ANOVA showed a significant Task x Response type
interaction (F(1,32) = 8.76, p = .006, η2 = .21) showing that the
response types differed only for the classical Stroop task (t(33)
= 2.72, p = .01) but not for the numerical (t(33) = .22, p = .82);
the amplitude was greater for an error (mean = 2.31, SEM = .
60) than for a correct (mean = .83, SEM = .35) response.
Besides the Response type main effect, which was marginally
significant, all the Group main effect and interactions were far
from significant (all p values ≥ .30). Table 2 also shows the
mean amplitude for the Pe component in error and correct trials
at Cz for the 150-250 ms window for both groups in the two
tasks. Figure 4B shows the topographic maps for the Pe after
errors in the numerical and the classical Stroop tasks for both
groups in the 150-250 ms window. This figure shows that the
Pe component after the commission of a numerical error
seems to be reduced compared to the other conditions.
Correlational analysis
We correlated participants’ scores on the sMARS test and in
its three subscales with the mean electrophysiological activity
for the ERN and CRN in the 50-90 ms window and for the Pe
Figure 3.  Image of error-related brain potentials.  Grand average waveforms for the ERN at Fz for the LMA and the HMA groups
in the numerical and the classical Stroop tasks (A) and scalp topography of the ERN component in the 50-90 ms window after the
commission of an error for the LMA and the HMA groups in the classical and numerical Stroop tasks (B).
doi: 10.1371/journal.pone.0081143.g003
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component in the 150-250 ms window for both tasks for the
whole sample (n = 34). Pearson correlation coefficients and p-
values are reported in Table 3. This table shows that as self-
reported measures of math anxiety increased, the ERN for the
numerical task became more negative. Nevertheless, this
effect was absent for the classical task and for the CRN and Pe
components in the numerical task. Moreover, it is worth
mentioning that while the ERN-CRN difference wave correlated
with the three subscales of the sMARS, the raw ERN wave
correlated only with the Factor I subscale of this test, that is,
with math test anxiety.
Source localization
For the ERN.  Table 4 shows Brodmann areas of statistically
stronger cerebral activation (p < .01) for the ERN (in red) for
the LMA and the HMA groups in the classical and numerical
Stroop tasks. This table shows that, as suggested by numerous
studies, the ERN in all tasks and in the two groups implied,
mainly, the activation of the Anterior cingulate cortex, the
cingulate gyrus (both frontal and limbic), and the medial and
middle frontal gyrus.
Very interestingly, sLORETA analysis showed that the HMA
group activated different brain areas when committing an error
on the numerical task compared with the classical task, and
compared with the LMA group on any task. For example, the
HMA group showed significant activation of the occipital
cuneus, the superior parietal lobule, the transverse temporal
gyrus and the supramarginal parietal gyrus. Moreover, within
the brain structures that also showed activation for the other
conditions, more Brodmann areas were activated in the case of
errors committed by HMA individuals in the numerical task, for
example, at the Anterior cingulate cortex (BA 10 and 25),
Figure 4.  Image of error-related brain potentials.  Grand average waveforms at Cz for the Pe component after errors and correct
responses for the LMA and the HMA groups in the numerical and the classical Stroop tasks (A) and scalp topography of the Pe
component after errors in the 150-250 ms window for the LMA and the HMA groups in the classical and numerical Stroop tasks (B).
doi: 10.1371/journal.pone.0081143.g004
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inferior frontal gyrus (11 and 44), middle frontal gyrus (9 and
46), parietal post-central gyrus (1,5,43) or parahippocampal
gyrus (27,28,30,34–36). Finally, voxel activation for the HMA
group on the numerical task also involved areas that, for the
LMA group (and the HMA in the classical task) were mainly
active for correct responses (CRN), such as the inferior
temporal gyrus (limbic), the middle temporal gyrus, the
posterior cingulate, the limbic sub gyral or the parahippocampal
gyrus (limbic). The involvement of greater voxel activation can
be seen in Figure 5A, where cortical areas that showed
significant activation (p < .01) for the ERN component (50-90
ms) for each group in each task are shown in red-to-yellow
colors (t-values).
Despite the apparent activation of a greater number of voxels
for the numerical errors in the HMA group, the statistical
comparison between groups did not show significant results,
either for the classical (t = 4.82, p = .67) nor for the numerical (t
= 4.79, p = .69) Stroop task.
Nevertheless, significant differences emerged when
comparing tasks in each group. The results showed that while
no differences were found for the LMA group (t = 4.89, p = .56),
the HMA group showed a significant (t = 4.76, p = .04)
difference in activation between tasks. Those differences were
located at the insula, which showed a greater activation for the
numerical task (max t value = 6.61) than for the classical task
(max t value = 2.52). Table 5 shows the Brodmann areas, MNI
coordinates and t values for the voxels presenting significant
differences between tasks for the HMA group. Figure 5B
shows, in red-to-yellow colors, cortical areas with significant
(p < .05) differences between tasks for the LMA and the HMA
groups, showing the greater difference between tasks for the
Table 3. Pearson correlation coefficients (p values under
brackets) between the sMARS scores and ERN, CRN and
ERN-CRN components (at Fz) and Pe component (at Cz)
amplitudes for the numerical and the classical Stroop tasks
for the whole sample (n=34).
 Classical Stroop task Numerical Stroop task
 ERN CRN
ERN-
CRN Pe ERN CRN ERN-CRN Pe
sMARS .02 (.89)
-.09 (.
60)
-.06 (.
73)
-.15 (.
37)
-.35 (.
03)*
.17 (.
32)
-.48 (.
003)**
-.22 (.
19)
Factor I .02 (.87)
-.07 (.
67)
-.04 (.
81)
-.17 (.
32)
-.38 (.
02)*
.16 (.
35)
-.50 (.
002)**
-.22 (.
19)
Factor II .05 (.74)
-.13 (.
43)
-.07 (.
69)
-.07 (.
67)
-.26 (.
13)
.11 (.
53)
-.34 (.
04)*
-.20 (.
24)
Factor III -.01 (.94)
-.05 (.
74)
-.06 (.
72)
-.10 (.
56)
-.19 (.
25)
.19 (.
26)
-.34 (.
04)*
-.13 (.
43)
STAI-T .12 (.48)
.16 (.
35)
-.03 (.
85)
-.17 (.
32)
-.01 (.
91)
.14 (.
41) -.12 (.47)
-.30 (.
07)
STAI-S .14 (.39)
.09 (.
60)
.05 (.
77)
-.03 (.
86)
-.04 (.
81)
-.03 (.
85) -.01 (.92)
-.24 (.
15)
Note. ** p < .01; * p < .05; Factor I: Math test anxiety; Factor II: Numerical task
anxiety; Factor III: Math course anxiety; ERN: Error-related negativity; CRN:
Correct-related negativity; Pe: error positivity (after errors).
doi: 10.1371/journal.pone.0081143.t003
Table 4. Brodmann areas of statistically stronger cerebral
activation
Lobe Structure Classical Numerical
  LMA HMA LMA HMA
Limbic Anterior Cingulate
24, 32,
33 / 32 /
24, 32,
33
24, 32,
33 / 24,
32
24, 32,
33 / 24
10, 24, 25,
32 / 24, 32
Frontal Cingulate Gyrus 32 / 32 32 32 / 32 6, 32 / 32
Limbic Cingulate Gyrus
23, 24,
31, 32 /
23 / 24,
31, 32
24, 32 /
24, 31,
32
23, 24,
31, 32 /
23, 24,
31/ 24,
31, 32
23, 24, 31,
32 / 23, 24,
31
Occipital Cuneus - - - 30
Sub-Lobar Extra-Nuclear 47 47 47 47
Temporal Fusiform Gyrus 20, 36,37
20, 36,
37
20 / 20,
36, 37 20, 36, 37
Occipital Fusiform Gyrus - 37 37 37
Frontal Inferior Frontal Gyrus 6, 9 / 13,45, 47
13, 45,
46, 47 9 / 45, 47
6, 9, 11, 44 /
45, 47
Parietal Inferior ParietalLobule 40 / 40 40
40 / 40 /
40 40 / 40
Limbic Inferior TemporalGyrus 20 20 20 20 / 20
Temporal Inferior TemporalGyrus 37 - 37 37
Sub-lobar Insula 13 / 13,45 13, 45
13 / 13,
45 13 / 13, 45
Temporal Insula 41 41 41 / 41 41 / 41
Occipital Lingual Gyrus - - 19 18, 19 / 19
Frontal Medial Frontal Gyrus
6, 32 /
9, 10,
11 /
6, 8, 9
6, 8, 9,
10, 11 /
6, 9, 32
9, 32 / 6 /
6
6, 8 , 9 , 10 ,
11 , 32 / 6 /
6, 9
Frontal Middle Frontal Gyrus 6 / 10,46 / 6
10, 11 /
10, 46 /
6
 6, 9, 10, 46 /6
Temporal Middle TemporalGyrus 21, 38 21, 38
22 / 21,
22, 37,
38, 39
20, 21, 22,
39 /
21, 22, 37,
38, 39
Frontal Orbital Gyrus - 11 47 11 / 47
Frontal Paracentral Lobule 6, 31 / 5 31 31 / 5 5, 6, 31 / 31
Limbic ParahippocampalGyrus -
19, 27,
28, 36,
37
19 / 19,
27, 28,
30, 34,
35, 36,
37
19, 27, 28,
30, 34, 35,
36 / 19, 27,
28, 30, 34,
35, 36, 37
Frontal Postcentral Gyrus - - 3 / 3 3, 4 / 3
Parietal Postcentral Gyrus 2, 40 / 5 2, 40,43
2, 3, 40 /
2, 3, 40 /
2, 3, 40
1, 2, 3, 5, 40,
43 / 2, 3, 40
Limbic Posterior Cingulate 23 - 23, 29,30
23, 29, 30,
31 / 23, 29,
30
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HMA group. More concretely, when analyzing the HMA group’s
brain activity in each task, a greater insular activation was
found for the numerical (6.61) as compared to the classical
(2.52) Stroop task at the right insula.
For the CRN.  Table 4 shows Brodmann areas with
statistically stronger cerebral activation (p < .01) for the CRN
(in blue) for the LMA and the HMA groups in the classical and
the numerical Stroop tasks. This table shows that the CRN
activated some areas previously found to activate the ERN,
such as the cingulate gyrus (limbic lobe), inferior parietal
lobule, the insula or the precuneus. Moreover, in other cases
the CRN activated the same brain structures as the ERN, but
different Brodmann areas were involved in the generation of
each component. For example, in the case of the inferior frontal
gyrus, while the activation of the ERN was located at
Brodmann areas 6, 9, 11 and 44, the CRN activated different
areas (13,45–47). Despite the overlapping of some areas in the
generation of the ERN and the CRN, the CRN also showed a
specific activation of certain brain regions such as the uncus,
the temporal sub gyral, the extra-nuclear (sub lobar), the
temporal and occipital fusiform gyrus or the inferior temporal
gyrus (limbic and temporal). Very interestingly, the CRN
showed no voxel activation at the anterior cingulated.
The comparison between tasks did not reach significance
either for the LMA group (t = 4.73, p = .44) or for the HMA
group (t = 4.76, p = .29). Similarly, groups showed non-
Table 4 (continued).
Lobe Structure Classical Numerical
  LMA HMA LMA HMA
Frontal Precentral Gyrus 6 4 4, 6 / 4, 6 4, 6, 43
Frontal Precuneus - - 31/ 31/31 31 / 31
Parietal Precuneus 7 / 7 - 7, 31/ 7 7, 31 / 7, 31
Frontal Rectal Gyrus - 11 / 11 11 11/ 11
Frontal Subcallosal Gyrus - - 34 34
Frontal Sub-Gyral 6 / 10 6 - 6, 8
Limbic Sub-Gyral - - 19, 31 31 / 19, 31
Parietal Sub-Gyral 2 - 2 / 2, 40 /2, 40 2, 40 / 2, 40
Temporal Sub-Gyral 37 21 13, 20,21, 37
13, 20, 21,
37
Frontal Superior FrontalGyrus
6 / 10,
11
8, 10,
11 / 6 6 6, 8, 10, 11
Parietal Superior ParietalLobule - - 5 7
Temporal Superior TemporalGyrus
13, 22,
38, 41
13, 22,
38, 41,
42
13, 41 /
13, 22,
38, 41
13, 21, 22,
39, 41, 42 /
13, 22, 38,
41
Parietal Supramarginal Gyrus - - - 40 / 40
Temporal Transverse TemporalGyrus - - - 41, 42
Limbic Uncus 20, 28,36, 38
20, 28,
36, 38
20, 34,
36, 38
20, 34, 36,
38
doi: 10.1371/journal.pone.0081143.t004
significant differences both for the classical (t = 4.64, p = .98)
and for the numerical (t = 4.71, p = .86) tasks.
For the ERN vs CRN.  Figure 6 presents, in red to yellow
colors (t values), the cortical areas that showed significant
activation (p < .01) for the ERN as compared to the CRN, for
the two tasks in the two groups. As expected, for all conditions,
this differential activity was shown mainly in the Anterior
cingulate cortex (Brodmann areas 24, 32, 33) and in the
cingulated gyrus (Brodmann areas 24 and 33). Nevertheless,
for the HMA group in the numerical condition, there was an
area that showed even a greater activation, the insula
(Brodmann area 13).
For the Pe component.  Table 4 shows Brodmann areas
with statistically stronger cerebral activation (p < .01) for the Pe
component (in green) for the LMA and the HMA groups in the
classical and the numerical Stroop tasks. Like the ERN, the Pe
showed significant voxel activation at the Anterior cingulate
cortex, the frontal cingulate gyrus, the precuneus, the limbic
cingulate gyrus (except for HMA in the numerical task), frontal
paracentral lobule and the middle and medial frontal gyrus.
Nevertheless, in contrast to the CRN, which showed activation
of different areas with respect to ERN, the Pe component
showed no activation of different brain structures, that is, all the
activated brain areas also showed activation for the ERN.
As in the case of the CRN, the comparison between tasks
showed no statistical differences for the LMA (t = 4.78, p = .18)
and the HMA (t = 4.60, p = .78) group. Neither did the
differences between groups reach significance for the classical
(t = 4.66, p = .42) or numerical (t = 4.64, p = .84) tasks.
Discussion
This study aimed to investigate error monitoring processing
in individuals high in math anxiety in order to improve our
understanding of the difficulties experienced by individuals with
high math anxiety when they have to manipulate numbers. To
the best of our knowledge, this is the first time that error
monitoring processes have been explored in a cohort of this
kind. To do so, we formed two groups that presented extreme
scores of math anxiety, but did not differ in trait or state anxiety.
This adds value to the study, as it enables us to rule out the
possibility that any differences between the groups were due to
general anxiety. Both groups had to solve a numerical Stroop
task (more salient for the HMA group) and a classical Stroop
task (control task). We used ERPs to analyze the
electrophysiological response after errors and after correct
responses. We expected to find differences between tasks only
for the HMA group.
Our results confirmed our hypotheses. Consistent with
studies of other anxiety disorders [18,20,22–24], non-clinical
individuals with a high level of math anxiety were characterized
by increased error-related brain activity and by a greater
difference between the ERN and the CRN when they solved a
numerical task, but not when they solved a task involving non-
numerical stimuli. The specificity of these results for the ERN
but not for the CRN suggests that HMA individuals differ from
their LMA counterparts not in generic response monitoring
processes, but specifically in the evaluation of errors [18,31].
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With respect to the Pe component, neither the group main
effect nor the interactions reached statistical significance,
which corroborates the results of previous studies claiming that
individual differences in anxiety do not seem to modulate later
and more elaborate stages of error monitoring [19,21,35,46].
Nevertheless, we found a significant difference between
response types, with the Pe component being more positive
after errors than after correct responses (see 46,47 for similar
results). However, this effect was only found for the classical
Stroop task, while in the numerical task both errors and correct
responses generated a very similar Pe component. This might
be due to a reduction of the Pe component for the numerical
errors in the HMA group (shown clearly in Figure 4B). In this
respect, despite differences between groups were non-
significant, this tendency of the HMA group to show smaller Pe
amplitudes after errors has also been found previously [18,20].
Given that the Pe component is considered to show conscious
error processing, this finding could be suggesting that HMA
individuals might not be fully conscious about having
Table 5. Areas of statistically higher localized brain
activation for the numerical task compared with the
classical task for the HMA group.
Lobe Structure B.A. MNI coordinates (x,y,z) T-value
Sub Lobar Insula 13 40, 0, 5 4.83
Sub Lobar Insula 13 40, 0, 10 4.77
Note: B.A: Brodmann Area; MNI: Montreal Neurological Institute; t-value of the
statistical comparison with p < .05 for t-values above 4.76 (threshold).
doi: 10.1371/journal.pone.0081143.t005
Figure 5.  Images of neural activity computed with sLORETA.  The images represent cortical areas showing significant
activation (p < .01) for the ERN (50-90 ms window) for the LMA and the HMA group in the numerical and the classical Stroop task
(A) and areas showing significant differences (p < .05) between the classical and the numerical Stroop tasks for the LMA and the
HMA groups (B).
doi: 10.1371/journal.pone.0081143.g005
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committed a numerical error, as compared to an error in the
non-numerical task. The relationship between the Pe
component and math anxiety deserve further research,
especially because of the great consequences that this
possible lack of error consciousness could have in the process
of mathematical learning. Regarding source localization
analysis, the ERN activity mainly involved the Anterior
cingulate cortex (Brodmann areas 24, 32 and 33) [9,11], and
the medial and middle frontal gyrus (Brodmann area 6) [36],
corresponding to the Supplemental motor area (SMA)
(adjacent to the caudal part of the Anterior cingulate cortex)
which has also been suggested to be a generator of the ERN
[48]. The activation as well of some voxels at the insula,
precuneus or posterior cingulate areas suggests a distributed
error processing in the human system (see also 49). As for the
CRN, it did not activate anterior cingulated brain areas. Hence,
our results corroborate previous evidence suggesting that the
CRN and the ERN involve different neural generators, with a
greater involvement of posterior cingulate areas for the CRN
and of anterior cingulated areas for the ERN [31]. The Pe
showed activation mainly of the Anterior cingulate cortex
(Brodmann area 24) and cingulate gyrus [36] and voxel
activation seemed to be restricted to those areas that showed
activation for the ERN, suggesting that these components were
generated by the same ACC regions (see also 50,51).
Moreover, across both groups, greater levels of math anxiety
were associated with larger ERN only on the numerical task. A
negative correlation between the level of anxiety and the
amplitude of ERN has also been obtained in studies exploring
GAD patients [21]. Interestingly, despite the fact that the ERN-
CRN difference wave correlated with the three subscales of the
sMARS, for the ERN raw wave the correlation only held for the
Factor I subscale, that is, for math test anxiety. This could be
suggesting that it is the evaluative aspect of math anxiety
(math test anxiety) that best explains the relationship between
math anxiety and error monitoring in our sample. In fact,
previous studies have found that the presence of overt
performance evaluation led to increased ERN responses
compared to a non-evaluation condition [52].
Despite the differences found in electrophysiological
measures, the groups did not differ in reaction time and
percentage of errors [18,20,22–24,53]. This suggests that the
exaggerated processing of errors in the HMA group (enhanced
ERN) did not lead to increased behavioral regulation, which
might imply an inefficient action monitoring. Regarding post-
error measures, we found the classical slow-down in reaction
time and increase in accuracy after error commission. Groups
did not differ on these measures, in agreement with numerous
previous reports of differences between groups on the ERN
amplitude but not on the post-error slowing effect [21,26,27,54]
and which suggests a preserved post-error adaptation effect in
both groups.
Although there were no differences between groups on
behavioral measures, we found that the numerical Stroop task
Figure 6.  Images of neural activity computed with sLORETA.  The images represent cortical areas showing significant
activation (p < .01) for the ERN as compared to the CRN in the 50-90 ms window for the LMA and the HMA groups in the numerical
and the classical Stroop tasks.
doi: 10.1371/journal.pone.0081143.g006
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took more time and induced more errors than the classical one,
suggesting perhaps that the numerical task was slightly more
difficult. Consequently, it might be the case that amplitude
differences in the groups’ ERN in this task were not only due to
its numerical nature but also to its level of difficulty. Two
findings argue against this interpretation. Firstly, behavioral
measures showed that both groups needed approximately the
same time to answer to the numerical task and committed
approximately the same number of errors on it. Consequently,
nothing suggests that the numerical task was more difficult for
the HMA than for the LMA group. Secondly, previous research
suggests that the increased difficulty of the task has no effect
on the ERN or, if anything, it reduces ERN amplitudes. For
example, Pailing and Segalowitz (2004) showed that tasks with
higher error rates did not lead to a significantly larger or smaller
ERN when compared to tasks with lower error rates [55].
According to this evidence, the fact that the numerical Stroop
task was the one with higher error rates does not explain the
larger ERN amplitude we found on it. However, a very recent
study by Kaczkurkin (2013) showed that increasing task
difficulty during a flanker task attenuated ERN amplitudes and
enhanced CRN amplitudes, in direct contrast to our findings
(enhanced ERN for the more difficult numerical task) [56].
Consequently, we consider that we can rule out the possibility
that the ERN differences in amplitude in the numerical task
could be attributed to task difficulty.
So, what does this enhanced ERN in the HMA group show?
As we mentioned in the introduction, the functional significance
of the ERN is still unclear. Two of the most important theories
attempting to explain the meaning of the error-related negativity
are the conflict monitoring theory and the reinforcement
learning theory. Both theories contend that the variation of the
magnitude of the ERN is predicted by behavioral measures, so
the more frequent errors give rise to decreased ERN and the
degree of post-error slowing is related to the magnitude of the
ERN [57,58]. Contrarily to these claims, in our study, more
frequent errors (errors in the numerical task) generated an
increased ERN; the difference was unaccompanied by
changes in behavioral or post-error measures, suggesting no
relationship between this ERN component and current or
subsequent behavior. For this reason, these theories seem
unsuitable for explaining our results.
However, the lack of differences in behavioral measures
does not necessarily mean that both groups were dealing with
the task identically: it might be that the HMA required greater
effort in order to show a comparable level of performance in the
numerical task to their LMA counterparts. This is exactly what
the processing efficiency theory [59] and its extension, the
attentional control theory [60], predict. According to these
theories, anxiety influences processing efficiency (relationship
between task performance and the amount of attentional
resources spent on solving it) to a greater extent than
performance effectiveness (quality of task performance). This
effect is explained as a consequence of a deficient attentional
control in anxious people, which would allow the attentional
resources to be allocated to internal threatening stimuli (i.e.,
worrying thoughts) and consequently reducing the resources
devoted to solving the task in hand. As a result, in order to
compensate for this resource depletion, anxious people would
increase their cognitive effort. Previous evidence has
suggested that errors, being associated with cognitive as well
as affective correlates, may reflect this effect of increased effort
[31]. More specifically, the attentional control theory predicts
that errors in high anxious individuals not only imply a
quantitative difference between anxious groups (enhanced
ERN for the high anxious group compared with the low anxious
group), but also a qualitative difference, which would imply a
different pattern of neural activity for the high anxious group,
especially in areas involved in emotion processing and
cognitive control. In this sense, while most studies have shown
quantitative differences between anxious groups [17,18,21,61]
others have also found very interesting qualitative differences
[31]. For example, Aarts and Pourtois (2010) showed a
different configuration of intracranial generators for the ERN
between low and high-anxious individuals, with the involvement
of more dorsal ACC regions for the low-anxious participants
(Brodmann areas 24) and more anterior regions for high-
anxious participants. In our study, although sLORETA images
seem to suggest a trend for HMA individuals to activate more
brain structures than their LMA counterparts when they commit
a numerical error, strictly speaking differences in voxel
activation between groups were not significant.
To conclude this review of the theories aiming to interpret the
ERN component, many recent studies have suggested the idea
that errors not only provide cold cognitive information, but also
convey an important emotional significance and affective
reaction [10,54,62]. This is the main idea of the motivational
theory of the ERN. The bulk of evidence relating ERN and
affect come from studies of anxiety. Several studies have
reported an enhanced ERN amplitude for high anxious
individuals compared with their low anxious peers
[18,20,21,61], which is interpreted as reflecting high anxious
individuals’ greater sensitivity and concern over errors [21,52].
Our study seems to extend those findings to math anxiety by
showing an increased ERN for the HMA group compared to the
LMA group for the task that was more salient for them.
Furthermore, the sLORETA results showed significantly greater
voxel activation at the right insula for the numerical task than
for the classical task only for the HMA group. Previous
research studying performance monitoring had already
reported error-related signal increases at the insula [63–68].
The insula has been suggested to be of relevance for
interoception, which can be defined as the sense of the
physiological condition of the entire body [69–71]. In this
respect, in a numerical version of the Stroop task, insular
cortex activity was related to errors and sympathetic arousal
measured via pupil diameter [72]. Classical theories of emotion
posit that this awareness of one's internal bodily states is a key
component of emotional experience. Several avenues of
research suggest that the altered insular function is a feature of
many anxiety disorders [73]. The right insula, in particular, has
been associated with the extent of interoceptive awareness
and discomfort with one's own physiological response (e.g.
heart rate) to emotionally valent pictures [74] and anticipation
of emotionally aversive stimuli has been shown to activate the
right insular cortex [75]. Functional imaging research suggests
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that activity in the anterior insular cortex, particularly the right
insula, may both mediate anxiety sensitivity and play a role in
the pathophysiology of phobias. It is well known that errors are
salient events that trigger a cascade of central nervous and
autonomous changes such as skin conductance response [27],
heart rate deceleration [22,23], pupil dilation [76], amygdala
activity [62] and potentiated defensive startle reflexes [54]. As a
consequence, it could be the case that the activation of the
right insula found for the HMA group when committing a
numerical error could be suggesting that this type of error could
have generated a greater physiological response in HMA
individuals, and that the identification of some of these subtle
somatic symptoms might have increased their feeling of
distress, showing the greater insular activation and the greater
ERN amplitude. In this line, Lyons and Beilock, (2012), using
functional magnetic resonance imaging (fMRI), reported an
association between the insular cortex activation and
subjective ratings of math anxiety when participants anticipated
an upcoming math task [77]. Given that interoception has been
shown to increase with heightened levels of anxiety and thus
leads to increased sensitivity to physical pain, these authors
interpreted this result as showing that even anticipating the
unpleasant event of solving a math task was associated with
the activation of neural regions involved in pain processing in
HMA individuals. Despite this topic deserves further intensive
research, our results could be suggesting that a HMA’s brain
might perceive a numerical error as painful.
It is worth mentioning that although we did not obtain insular
cortex activation for the Pe component, this area has also been
shown to be activated at this later stage of error processing
[78] for conscious errors. In this case, it has been suggested
that the spatio-temporal dynamics comprise a sequence of
brain processes in the posterior cingulated (ERN), left insula
(Pe component) and right orbito-frontal cortex (post-Pe) [79].
Nevertheless, the studies associating the conscious perception
of errors and the insula have been designed to elicit conscious
and unconscious errors, and the two types of errors have been
analyzed separately. Since the main objective of this study was
not to investigate error awareness, we did not distinguish
between conscious and non-conscious errors, and this might
be the reason why the insula did not show a significant
activation for the Pe component in our study.
To sum up, this is the first study showing abnormal error
monitoring in individuals high in math anxiety. Our data suggest
that HMA individuals seem to be hypersensitive to self-
generated errors in numerical tasks, an effect shown by
enhanced ERN and increased insular activation exclusively for
numerical errors. Hence, our study also provides evidence that
the ERN component conveys information beyond simple error
detection and also reflects an affective evaluation of errors
[16,17]. The fact that errors in numerical tasks are perceived as
abnormally salient or aversive probably constitutes a
contributory factor in the development and maintenance of
math anxiety. These negative feelings may contribute to global
avoidance [2,80], that is, the documented tendency of HMA
individuals to avoid situations that are math intensive, such as
the mathematics curriculum during formal education. This
avoidance has an undesired effect on performance, given that
it reduces their level of expertise in advanced mathematics.
Given the importance of mathematics for academic and
professional development and the poorer perspectives for
those students suffering from math anxiety, this is a topic that
deserves intensive investigation.
Acknowledgements
We thank Elisabet Gimeno, Clara Mercadé and Cristina
Gallusca for their help with data collection.
Author Contributions
Conceived and designed the experiments: MINP. Performed
the experiments: MSP. Analyzed the data: MSP. Contributed
reagents/materials/analysis tools: MINP AC. Wrote the
manuscript: MSP. Correction of the manuscript MINP: AC.
References
1. Ashcraft MH, Ridley K (2005) Math anxiety and its cognitive
consequences: A tutorial review. In: JI Campbell. Handbook of math
cognition. New York: Psychology Press. pp. 315-325.
2. Ashcraft MH, Faust M (1994) Mathematics anxiety and mental
arithmetic performance: an exploratory investigation. Cogn Emot 8(2):
97-125. doi:10.1080/02699939408408931.
3. Maloney EA, Risko EF, Ansari D, Fugelsang J (2010) Mathematics
anxiety affects counting but not subitizing during visual enumeration.
Cogn 114: 293-297. doi:10.1016/j.cognition.2009.09.013.
4. Faust MW, Ashcraft MH, Fleck DE (1996) Mathematics anxiety effects
in simple and complex addition. Math Cogn 2(1): 25-62. doi:
10.1080/135467996387534.
5. Gehring WJ, Goss B, Coles MGH, Meyer DE, Donchin E (1993) A
neural system for error detection and compensation. Psychol Sci 4:
385-390. doi:10.1111/j.1467-9280.1993.tb00586.x.
6. Falkenstein M, Hohnsbein J, Hoormann J, Blanke L (1991) Effects of
crossmodal divided attention on late ERP components. II. Error
processing in choice reaction tasks. Electroencephalogr Clin
Neurophysiol 78(6): 447−455. doi:10.1016/0013-4694(91)90062-9.
PubMed: 1712280.
7. Gehring WJ, Coles M, Meyer D, Donchin E (1990) The error-related
negativity: an event-related brain potential accompanying errors.
Psychophysiology 27: S34. doi:10.1111/j.1469-8986.1990.tb02175.x.
8. Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D et al. (1998)
Anterior Cingulate Cortex, Error Detection, and the Online Monitoring of
Performance. Science, 280: 747-749. doi:10.1126/science.
280.5364.747. PubMed: 9563953.
9. Dehaene S, Posner MI, Tucker DM (1994) Localization of a neural
system for error detection and compensation. Psychological Science.
Psychol Sci 5(5): 303-305. doi:10.1111/j.1467-9280.1994.tb00630.x.
10. Gehring WJ, Willoughby AR (2002) The medial frontal cortex and the
rapid processing of monetary gains and losses. Science 295:
2279-2282. doi:10.1126/science.1066893. PubMed: 11910116.
11. Bush G, Luu P, Posner MI (2000) Cognitive and emotional influences in
anterior cingulate cortex. Trends Cogn Sci 4: 215-222. doi:10.1016/
S1364-6613(00)01483-2. PubMed: 10827444.
12. Yeung N, Cohen JD, Botvinick MM (2004) The neural basis of error
detection: Conflict monitoring and the error-related negativity. Psychol
Rev 111: 931–959. doi:10.1037/0033-295X.111.4.931. PubMed:
15482068.
13. Schultz W (2002) Getting formal with dopamine and reward. Neuron
36(2): 241−263. doi:10.1016/S0896-6273(02)00967-4. PubMed:
12383780.
14. Kim EY, Iwaki N, Uno H, Fujita T (2005) Error-Related negativity in
Children: Effect of an Observer. Dev Neuropsychol 28(3): 871-883. doi:
10.1207/s15326942dn2803_7. PubMed: 16266253.
Abnormal Error Monitoring in Math Anxiety
PLOS ONE | www.plosone.org 15 November 2013 | Volume 8 | Issue 11 | e81143
15. Vidal F, Hasbroucq T, Grapperon J, Bonnet M (2000) Is the ‘error
negativity’ specific to errors? Biol Psychol 51(2–3): 109–128. PubMed:
10686362.
16. Bush G, Luu P, Posner MI (2000) Cognitive and emotional influences in
anterior cingulate cortex. Trends Cogn Sci 4: 215-222. doi:10.1016/
S1364-6613(00)01483-2. PubMed: 10827444.
17. Olvet DM, Hajcak G (2008) The error-related negativity (ERN) and
psychopathology: Toward an endophenotype. Clin Psychol Rev 28:
1343–1354. doi:10.1016/j.cpr.2008.07.003. PubMed: 18694617.
18. Gehring WJ, Himle J, Nisenson LG (2000) Action-monitoring
dysfunction in obsessive-compulsive disorder. Psychol Sci 11: 1–6. doi:
10.1111/1467-9280.00206. PubMed: 11228836.
19. Ruchsow M, Gron G, Reuter K, Spitzer M, Hermle L et al. (2005) Error-
related brain activity in patients with obsessive-compulsive disorder and
in healthy controls. J Psychophysiol 19(4): 298–304. doi:
10.1027/0269-8803.19.4.298.
20. Hajcak G, Simons RF (2002) Error-related brain activity in obsessive-
compulsive undergraduates. Psychiatry Res 110: 63–72. doi:10.1016/
S0165-1781(02)00034-3. PubMed: 12007594.
21. Weinberg A, Olvet DM, Hajcak G (2010) Increased error-related brain
activity in generalized anxiety disorder. Biol Psychol 85: 472-480. doi:
10.1016/j.biopsycho.2010.09.011. PubMed: 20883743.
22. Hajcak G, McDonald N, Simons RF (2003b) Anxiety and error-related
brain activity. Biol Psychol 64: 77–90. doi:10.1016/
S0301-0511(03)00103-0. PubMed: 14602356.
23. Hajcak G, McDonald N, Simons RF (2004) Error-related
psychophysiology and negative affect. Brain Cogn 56: 189–197. doi:
10.1016/j.bandc.2003.11.001. PubMed: 15518935.
24. Luu P, Collins P, Tucker DM (2000) Mood, personality, and self-
monitoring: Negative affect and emotionality in relation to frontal lobe
mechanisms of error monitoring. J Exp Psychol Gen 129: 43–60. doi:
10.1037/0096-3445.129.1.43. PubMed: 10756486.
25. Coles MGH, Scheffers MK, Holroyd CB (2001) Why is there an
ERN/Ne on correct trials? Response representations, stimulus-related
components, and the theory of error-processing? Biol Psychol 56(3):
173-189. doi:10.1016/S0301-0511(01)00076-X. PubMed: 11399349.
26. Endrass T, Schuermann B, Kaufmann C, Spielberg R, Kniesche R et
al. (2010) Performance monitoring and error signiﬁcance in patients
with obsessivecompulsive disorder. Biol Psychol 84(2): 257–263. doi:
10.1016/j.biopsycho.2010.02.002. PubMed: 20152879.
27. Hajcak G, McDonald N, Simons RF (2003a) To err is autonomic: Error-
related brain potentials, ANS activity, and post-error compensatory
behavior. Psychophysiology 40: 895–903. doi:
10.1111/1469-8986.00107. PubMed: 14986842.
28. Moser JS, Moran TP, Jendrusina AA (2012) Parsing relationships
between dimensions of anxiety and action monitoring brain potentials in
female undergraduates. Psychophysiology 49: 3–10. doi:10.1111/j.
1469-8986.2011.01279.x. PubMed: 21895687.
29. Roger C, Bénar CG, Vidal F, Hasbroucq T, Burle B (2010) Rostral
Cingulate Zone and correct response monitoring: ICA and source
localization evidences for the unicity of correct- and error-negativities.
NeuroImage, 51(1): 391-403. doi:10.1016/j.neuroimage.2010.02.005.
PubMed: 20152906. 
30. Vidal F, Hasbroucq T, Grapperon J, Bonnet M (2000) Is the ‘error
negativity’ specific to errors? Biol Psychol 51: 109–128. doi:10.1016/
S0301-0511(99)00032-0. PubMed: 10686362.
31. Aarts K, Pourtois G (2010) Anxiety not only increases, but also alters
early error-monitoring functions. Cogn Affect Behav Neurosci 10: 479–
492. doi:10.3758/CABN.10.4.479. PubMed: 21098809.
32. Overbeek TJM, Nieuwenhuis S, Ridderinkhof KR (2005) Dissociable
components of error processing: on the functional significance of the
Pe vis-a-vis the ERN/Ne. J Psychophysiol 19: 319–329. doi:
10.1027/0269-8803.19.4.319.
33. Orr JM, Carrasco M (2011) The role of the Error Positivity in the
Conscious perception of Error. J Neurosci 31(16): 5891-5892. doi:
10.1523/JNEUROSCI.0279-11.2011. PubMed: 21508213.
34. Endrass T, Reuter B, Kathmann N (2007) ERP correlates of conscious
error recognition: aware and unaware errors in an antisaccade task.
Eur J Neurosci 26: 1714–1720. doi:10.1111/j.1460-9568.2007.05785.x.
PubMed: 17880402.
35. Xiao Z, Wang J, Zhang M, Li H, Tang Y et al. (2011) Error-related
negativity abnormalities in generalized anxiety disorder and obsessive-
compulsive disorder. Prog Neuropsychopharmacol Biol Psychiatry 35:
265-272. doi:10.1016/j.pnpbp.2010.11.022. PubMed: 21111024.
36. Herrmann MJ, Römmler J, Ehlis AC, Heidrich A, Fallgatter AJ (2004)
Source localization (LORETA) of the error-related-negativity (ERN/Ne)
and positivity (Pe). Cogn Brain Res 20: 294–299. doi:10.1016/
j.cogbrainres.2004.02.013. PubMed: 15183400.
37. Vocat R, Pourtois G, Vuilleumier P (2008) Unavoidable errors: A spatio-
temporal analysis of time-course and neural sources of evoked
potentials associated with error processing in a speeded task.
Neuropsychologia 46: 2545–2555. doi:10.1016/j.neuropsychologia.
2008.04.006. PubMed: 18533202.
38. Soltész F, Goswami U, White S, Szűcs D (2011) Executive function
effects and numerical development in children: Behavioral and ERP
evidence from a numerical Stroop paradigm. Learn Individ Differ 21:
662–671. doi:10.1016/j.lindif.2010.10.004.
39. Pascual-Marqui RD (2002) Standardized Low-Resolution Brain
electromagnetic Tomography (sLORETA): Technical details. Methods
Find Exp Clin Pharmacol 24: Suppl. D: 5-12. PubMed: 12575463.
40. Nuñez-Peña MI, Suárez-Pellicioni M, Guilera G, Mercadé-Carranza C
(2013) A Spanish version of the short Mathematics Anxiety Rating
Scale (sMARS). Learn Individ Differ, 24: 204-210. doi:10.1016/j.lindif.
2012.12.009.
41. Spielberger CD, Gorsuch R, Lushene R, Vagg PR, Jacobs GA (1983)
Manual for the State-Trait Anxiety Inventory. Palo Alto, CA: Consulting
Psychologists Press. Spanish adaptation of the STAI by Madrid: TEA
Ediciones S.A., 1988
42. Mazziotta J, Toga A, Evans A, Fox P, Lancaster J et al. (2001) A four-
dimensional probabilistic atlas of the human brain. J Am ME.: Inform
Assoc 8(5): 401–430
43. Greenblatt RE, Ossadtchi A, Pﬂieger ME (2005) Local linear estimators
for the bioelectromagnetic inverse problem. IEEE Trans Signal Process
53: 3403–3412. doi:10.1109/TSP.2005.853201.
44. Sekihara K, Sahani M, Nagarajan SS (2005) Localization bias and
spatial resolution of adaptive and non-adaptive spatial ﬁlters for MEG
source reconstruction. Neuroimage 25: 1056–1067. doi:10.1016/
j.neuroimage.2004.11.051. PubMed: 15850724.
45. Olvet DM, Hajcak G (2009) The stability of error-related brain activity
with increasing trials. Psychophysiology 46: 957–961. doi:10.1111/j.
1469-8986.2009.00848.x. PubMed: 19558398.
46. Ridderinkhof KR, Ramautar JR, Wijnen JG (2009) To Pe or not to Pe: A
P3-like ERP component reflecting the processing of response errors.
Psychophysiology 46: 531-538. doi:10.1111/j.1469-8986.2009.00790.x.
PubMed: 19226310.
47. Falkenstein M, Hoormann J, Christ S, Hohnsbein J (2000) ERP
components on reaction errors and their functional significance: A
tutorial. Biol Psychol 51: 87–107. doi:10.1016/S0301-0511(99)00031-9.
PubMed: 10686361.
48. Luu P, Tucker DM, Derryberry D, Reed M, Poulsen C (2003)
Electrophysiological responses to errors and feedback in the process of
action regulation. Psychol Sci 14: 47–53. doi:
10.1111/1467-9280.01417. PubMed: 12564753.
49. Menon V, Adleman NE, White CD, Glover GH, Reiss AL (2001) Error-
related brain activation during a Go/No-Go response inhibition task.
Hum Brain Mapp 12: 131–143. doi:10.1002/1097-0193(200103)12:3.
PubMed: 11170305.
50. van Veen V, Carter CS (2002) The timing of action-monitoring
processes in the anterior cingulate cortex. J Cogn Neurosci 14: 593–
602. doi:10.1162/08989290260045837. PubMed: 12126500.
51. Debener S, Ullsperger M, Siegel M, Fiehler K, von Cramon DY et al.
(2006) Trial-by-trial coupling of concurrent electroencephalogram and
functional magnetic resonance imaging identifies the dynamics of
performance monitoring. J Neurosci 25: 11730–11737. PubMed:
16354931.
52. Hajcak G, Moser JS, Yeung N, Simons RF (2005) On the ERN and the
signiﬁcance of errors. Psychophysiology, 42(2): 151−160. doi:
10.1111/j.1469-8986.2005.00270.x. PubMed: 15787852.
53. Moser JS, Hajcak G, Simons RF (2005) The effects of fear on
performance monitoring and attentional allocation. Psychophysiology
42: 261–268. doi:10.1111/j.1469-8986.2005.00290.x. PubMed:
15943679.
54. Hajcak G, Foti D (2008) Errors are aversive: Defensive motivation and
the error-related negativity. Psychol Sci 19: 103–108. doi:10.1111/j.
1467-9280.2008.02053.x. PubMed: 18271855.
55. Pailing PE, Segalowitz SJ (2004) The error-related negativity as a state
and trait measure: motivation, personality, and ERPs in response to
errors. Psychophysiology 41: 84–95. doi:10.1111/1469-8986.00124.
PubMed: 14693003.
56. Kaczkurkin AN (2013) The effect of manipulating task difficulty on error-
related negativity in individuals with obsessive-compulsive symptoms.
Biol Psychol 93: 122- 131. doi:10.1016/j.biopsycho.2013.01.001.
PubMed: 23318942.
57. Holroyd CB, Coles MGH (2002) The neural basis of human error
processing: reinforcement learning, dopamine, and the error-related
negativity. Psychol Rev 109: 679–709. doi:10.1037/0033-295X.
109.4.679. PubMed: 12374324.
Abnormal Error Monitoring in Math Anxiety
PLOS ONE | www.plosone.org 16 November 2013 | Volume 8 | Issue 11 | e81143
58. Holroyd CB, Yeung N, Coles MG, Cohen JD (2005) A mechanism for
error detection in speeded response time tasks. J Exp Psychol Gen
134: 163–191. doi:10.1037/0096-3445.134.2.163. PubMed: 15869344.
59. Eysenck MW, Calvo MG (1992) Anxiety and performance: The
processing efficiency theory. Cogn Emotion 6: 409-434. doi:
10.1080/02699939208409696.
60. Eysenck MW, Derakshan N, Santos R, Calvo MG (2007) Anxiety and
cognitive performance: Attentional control theory. Emotion 7: 336-353.
doi:10.1037/1528-3542.7.2.336. PubMed: 17516812.
61. Ladouceur CD, Dahl RE, Birmaher B, Axelson DA, Ryan ND (2006)
Increased error-related negativity (ERN) in childhood anxiety disorders:
ERP and source localization. J Child Psychol Psychiatry 47: 1073–
1082. doi:10.1111/j.1469-7610.2006.01654.x. PubMed: 17073986.
62. Pourtois G, Spinelli L, Seeck M, Vuilleumier P (2010) Temporal
precedence of emotion over attention modulations in the lateral
amygdala: Intracranial ERP evidence from a patient with temporal lobe
epilepsy. Cogn Affect Behav Neurosci 10: 83–93. doi:10.3758/CABN.
10.1.83. PubMed: 20233957.
63. Menon V, Uddin LQ (2010) Saliency, switching, attention and control: a
network model of insula function. Brain Struct Funct 214: 655-667. doi:
10.1007/s00429-010-0262-0. PubMed: 20512370.
64. Ullsperger M, von Cramon DY (2001) Subprocesses of performance
monitoring: a dissociation of error processing and response competition
revealed by event-related fMRI and ERPs. NeuroImage 14: 1387–
1401. doi:10.1006/nimg.2001.0935. PubMed: 11707094.
65. Ullsperger M, von Cramon DY (2003) Error monitoring using external
feedback: specific roles of the habenular complex, the reward system,
and the cingulate motor area revealed by functional magnetic
resonance imaging. J Neurosci 23: 4308–4314. PubMed: 12764119.
66. Hester R, Fassbender C, Garavan H (2004) Individual differences in
error processing: A review and reanalysis of three event-related fMRI
studies using the go/nogo task. Cereb Cortex 14(9): 986-994. doi:
10.1093/cercor/bhh059. PubMed: 15115734.
67. Ullsperger M, von Cramon DY (2004) Neuroimaging of performance
monitoring: error detection and beyond. Cortex 40: 593–604. doi:
10.1016/S0010-9452(08)70155-2. PubMed: 15505969.
68. Magno E, Foxe JJ, Molholm S, Robertson IH, Garavan H (2006) The
anterior cingulate and error avoidance. J Neurosci 26: 4769-4773. doi:
10.1523/JNEUROSCI.0369-06.2006. PubMed: 16672649.
69. Craig AD (2002) How do you feel? Interoception: the sense of the
physiological condition of the body. Nat Rev Neurosci 3: 655- 666.
PubMed: 12154366.
70. Craig AD (2009) How do you feel—now? The anterior insula and
human awareness. Nat Rev Neurosci 10: 59–70. doi:10.1038/nrn2555.
PubMed: 19096369.
71. Craig AD (2011) Significance of the insula for the evolution of human
awareness of feelings from the body. Ann N Y Acad Sci 1225: 72–82.
doi:10.1111/j.1749-6632.2011.05990.x. PubMed: 21534994.
72. Critchley HD, Tang J, Glaser D, Butterworth B, Dolan RJ (2005)
Anterior cingulated activity during error and autonomic response.
NeuroImage 27: 885-895. doi:10.1016/j.neuroimage.2005.05.047.
PubMed: 15996878.
73. Paulus MP, Stein MB (2006) An insular view of anxiety. Biol Psychiatry
60(4): 383-387. doi:10.1016/j.biopsych.2006.03.042. PubMed:
16780813.
74. Critchley HD, Wiens S, Rotshtein P, Ohman A, Dolan RJ (2004) Neural
systems supporting interoceptive awareness. Nat Neurosci 7: 189 –
195. doi:10.1038/nn1176. PubMed: 14730305.
75. Paulus MP, Rogalsky C, Simmons A, Feinstein JS, Stein MB (2003)
Increased activation in the right insula during risk-taking decision
making is related to harm avoidance and neuroticism. NeuroImage 19:
1439–1448. doi:10.1016/S1053-8119(03)00251-9. PubMed: 12948701.
76. Critchley HD, Tang J, Glaser D, Butterworth B, Dolan RJ (2005)
Anterior cingulate activity during error and autonomic response.
NeuroImage 27: 885- 895. doi:10.1016/j.neuroimage.2005.05.047.
PubMed: 15996878.
77. Lyons IM, Beilock SL (2012) When math hurts: math anxiety predicts
pain network activation in anticipation of doing math. PLOS ONE 7(10):
e48076. doi:10.1371/journal.pone.0048076. PubMed: 23118929.
78. Ullsperger M, Harsay HA, Wessel JR, Ridderinkhof KR (2010)
Concious perception of errors and its relation to the anterior insula.
Brian Struct Funct 214: 629-643. doi:10.1007/s00429-010-0261-1.
79. Dhar M, Wiersema JR, Pourtois G (2011) Cascade of neural events
leading from error commission to subsequent awareness revealed
using EEG source imaging. PLOS ONE 6(5): e19578. doi:10.1371/
journal.pone.0019578. PubMed: 21573173.
80. Faust MW, Ashcraft MH, Fleck DE (1996) Mathematics anxiety effects
in simple and complex addition. Math Cogn 2(1): 25-62. doi:
10.1080/135467996387534.
Abnormal Error Monitoring in Math Anxiety
PLOS ONE | www.plosone.org 17 November 2013 | Volume 8 | Issue 11 | e81143
